Two types of signals are clearly visible in continuous GPS (cGPS) time-series in Iceland, in particular in the vertical component. The first one is a yearly seasonal cycle, usually sinusoidlike with a minimum in the spring and a maximum in the fall. The second one is a trend of uplift, with higher values the closer the cGPS stations are to the centre of Iceland and ice caps. Here, we study the seasonal cycle signal by deriving its average at 71 GPS sites in Iceland. We estimate the annual and semi-annual components of the cycle in their horizontal and vertical components using a least-squares adjustment. The peak-to-peak amplitude of the cycle of the vertical component at the studied sites ranges from 4 mm near the coastline up to 27 mm at the centre of the Vatnajökull, the largest ice cap in Iceland. The minimum of the seasonal cycle occurs earlier in low lying areas than in the central part of Iceland, consistent with snow load having a large influence on seasonal deformation. Modelling shows that the seasonal cycle is well explained by accounting for elastically induced surface displacements due to snow, atmosphere, reservoir lake and ocean variations. Model displacement fields are derived considering surface loads on a multilayered isotropic spherical Earth. Through forward and inverse modelling, we were able to reproduce a priori information on the average seasonal cycle of known loads (atmosphere, snow in non-glaciated areas and lake reservoir) and get an estimation of other loads (glacier mass balance and ocean). The seasonal glacier mass balance cycle in glaciated areas and snow load in non-glaciated areas are the main contributions to the seasonal deformation. For these loads, induced seasonal vertical displacements range from a few millimetres far from the loads in Iceland, to more than 20 mm at their centres. Lake reservoir load also has to be taken into account on local scale as it can generate up to 20 mm of vertical deformation. Atmosphere load and ocean load are observable and generate vertical displacements in the order of a few millimetres. Inversion results also shows that the Iceland crust is less rigid than the world average. Interannual deviation from the GPS seasonal cycle can occur and are caused by unusual weather conditions over extended period of time.
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The cGPS network in Iceland records the plate spreading in Iceland , as well as an uplift signal that has been extensively studied with various techniques and is related to glacial isostatic adjustment due to present-day glacial retreat (Árnadóttir et al. 2009; Auriac et al. 2013) . There is evidence that the uplift rates due to present-day glacial retreat are accelerating with time (Compton et al. 2015a) . The discrimination between load-variationinduced deformation and magma-induced deformation is important in Iceland for hazard assessment (e.g. Pinel et al. 2007) . The topic of this paper is the average seasonal cycle, a term we use to refer to a cycle that repeats on a yearly basis. We model it as composed of an annual component with a one year period and a semi-annual component with a half a year period. The seasonal cycle signal in Iceland has been studied, considering winter and summer glacier mass balance by Grapenthin et al. (2006) . They considered the seasonal cycle of 18 cGPS stations with long enough time-series at the time of that study. The cycle was interpreted in terms of annual load variations at the Icelandic ice caps on a half-space Earth model with uniform elastic parameters. Here, we use 71 cGPS time-series of daily positions (Fig. 1) . The longest time-series is 17 yr, from the REYK station in Reykjavík. We model the Earth response due to load changes using a spherical Earth model, instead of a simple elastic half-space, and we consider various surface loads, similarly to Heki (2004) . Snow remains the most important load but there is evidence for induced surface displacements due to variations in atmosphere, ocean and lake reservoir loads as well.
Snow accumulation during winter is known to generate vertical displacements up to centimetre scale (Heki 2001) . Grapenthin et al. (2006) showed that glacier mass balance can account for a large part of the seasonal cycle observed in GPS in Iceland. Glaciers are gaining mass during the winter and spring with snow accumulation and losing mass during summer and fall with melting. In addition, glaciers in Iceland had a negative yearly mass balance from 1995 to 1996 (Björnsson et al. 2013 (Björnsson et al. ) until 2014 (Björnsson et al. -2015 , when the mass balance became positive again (Finnur Pálson, private communication, 2015) . This is a secular trend and thus does not affect the seasonal cycle estimation.
Atmospheric pressure loading is known to be able to displace the Earth's surface over a centimetre on subdiurnal timescales (van Dam et al. 1994) . GPS solutions over a 24 hr period are sufficient to average out this deformation (Tregoning & van Dam 2005) , even though correcting for subdaily atmospheric pressure variations at tidal frequencies would improve the observations results (Tregoning & Watson 2009 ). Here, we used daily solutions for our GPS time-series so we are not expecting to see any effect of such short atmospheric pressure change. However, we expect a contribution from a seasonal atmospheric pressure variation in Iceland.
Ocean tidal loading is known to generate important displacements at coastal GPS stations on a subdaily and weekly basis. We corrected for these during the data analysis by using the FES2004 model, a mesh of global hydrodynamic tide solutions (Lyard et al. 2006) . However, this model does not account for semi-annual, annual and longer cycles in the tides, nor for non-tidal ocean variation.
Variable mass of water in lakes provides load changes on the surface of the Earth. A large cycle occurs at some reservoirs for hydropower stations; they fill up in summer and then lower in the winter time. Such reservoirs can have an important effect in their surrounding areas. Hálslón reservoir is the largest reservoir in Iceland with an area of approximately 56 km 2 and a water volume of 2.1 km 3 when full. cGPS stations were installed for monitoring purpose when it was constructed and first filled in 2006. Their data are of importance for our study as they are the only cGPS northeast of the Vatnajökull ice cap. The seasonal load variation induced at Hokkaido University on May 5, 2016 http://gji.oxfordjournals.org/ Downloaded from by changes in the level of this reservoir show up clearly in the observations.
In the following, we begin with the calculation and analysis of the seasonal cycle of the east, north and up displacement time-series of the cGPS sites. We also present a priori information on the seasonal cycle within data sets on snow accumulation in non-glaciated areas, atmospheric pressure and variation of the Hálslón reservoir level. Additional information about the seasonal load variation and the elastic properties of the Earth are then derived from the inversion of the cGPS seasonal cycles. The amount of deformation that each of the load generates is then computed using a best-fitting Earth model.
DATA

GPS
Daily GPS solutions were calculated at University of Iceland with the GAMIT/GLOBK 10.4 GPS analysis software, in the ITRF2008 reference frame using over 100 worldwide reference stations. Only GPS satellites with a good phase centre location were included in the processing to prevent any scale error in the GPS solutions (Zhu et al. 2003) . The data were corrected for ocean tidal loading using the FES2004 model (Lyard et al. 2006) . Most of the GPS data used in this study are available as RINEX files at the FUTUREVOLC data hub (see Acknowledgments). Here, we study the time period prior to a rifting episode in the Bár arbunga volcanic system that began in 2014 August and was associated with largescale deformation (Sigmundsson et al. 2014) . We visually checked each of the time-series and excluded the ones with less than two full years of data or those with data gaps over extended periods of time each year. We kept 71 stations after this check.
The east, north and up displacement components of each station were analysed separately for evaluation of seasonal cycle. The entire time-series were used to determine the annual and semi-annual components of the deformation. We first filtered out all daily solutions that had a standard deviation of more than 5 mm for the horizontal or more than 10 mm for the vertical. The amplitude of the seasonal displacements appears to be relatively constant from year to year. A temporally varying amplitude approach like the one used by Bennett (2008) is thus not necessary. Trends in time-series were then estimated using a software developed and used in previous studies of the seasonal cycle (Heki 2001 (Heki , 2004 . Using least squares, it calculates the best fit for secular (linear or polynomial), annual (sinusoidal) and semi-annual (sinusoidal) components. The displacement D of a GPS station as a function of time t (in decimal years) can then be written in the form of a linear equation:
In this case, linear (a and b), annual (c and d) and semi-annual (e and f) components are taken into account. Additional terms m p for fitting a polynomial of degree n instead of a line can be added to eq.
(1) as follows:
The software also allows for correction of jumps, changes of trend and exponential transient movements. This allowed us to remove time-series irregularities due to antenna change and earthquakes in south Iceland in 2000 and 2008 that were clearly visible on stations close to the earthquake epicentres (e.g. Hreinsdóttir et al. 2009; Decriem et al. 2010) . Deformation signals of volcanic origin occurring over extended period of time, like the one prior to and associated with the Eyjafjallajökull eruption in 2010 (Sigmundsson et al. 2010) , are not easy to correct for. Therefore, the data influenced by such signals were removed from the time-series. In these cases, we allowed a jump and/or a change in trend in the data gaps created. All other small non-periodic deviations are minimized during the trend estimation and were thus considered to not affect significantly the annual and semi-annual cycles estimation. Examples of up component time-series are shown in Fig. 2 . Results show that, in the vertical component, all cGPS stations have a seasonal local minimum in the spring, most of them in May around day 130-140 of the year (Fig. 3) . This is similar to day 140 found by Grapenthin et al. (2006) . Seasonal cycles in the vertical component show that the GPS stations are relatively stable between September and January, subside from January until May and then rise from May until September. There is also a systematic pattern such that the further the stations are from central Iceland, the earlier they have their minimum. A similar gradient is observed for the signal amplitude. Stations in central Iceland have the highest amplitudes especially the ones near Vatnajökull, the largest ice cap in Iceland, while the ones near the coast have the smallest amplitude.
The above-mentioned systematics are an indication that the snow and ice load variations are a dominant factor influencing the seasonal cycle observed by the cGPS network. The spatial distribution of the signal and its minimum in May correlates with snow accumulation. The timing of the yearly minimum in the vertical component can be attributed to the snow starting to melt earlier in low lying areas near the coastline areas compared to 1846 V. Drouin et al. the central part of Iceland. A few stations deviate from that pattern, like GMEY, located on the Grímsey island and ISAF in the Westfjords (Fig. 1 ).
Snow
The IMO provided snow water equivalent (SWE) load estimation over non-glaciated areas of Iceland over the period from 2009 October until 2014 July (Nikolai Nawri, IMO, private communication, 2015) . They calculated the snow accumulation using the Harmonie non-hydrostatic meteorological model (Seity et al. 2011) to dynamically downscale the ERA-Interim reanalysis, a global data set of atmospheric parameters from 1979 and continuously updated in real time (Dee et al. 2011) , and validated the results with precipitation measurements at gauges. The data were provided as snow load values in a grid of 2.5 km by 2.5 km pixels. Glacier areas are not included in this data set because seasonal crustal loading on the glaciers is also affected by ablation of glacier ice and redistribution of the ice with the glacier flow. We estimated the snow accumulation seasonal cycle for non-glaciated areas in Iceland using the same program as for the GPS data. Beforehand, the data were resampled to a grid of 0.06
• longitude by 0.03
• latitude pixels to keep the com- putational time reasonable. The average standard deviation is about 7.4 cm of water equivalent. Results show that snow load seasonal cycles have a maximum in April and a minimum in September for most of Iceland (Fig. 4 ). There is a correlation between the signal amplitude and the timing of its maximum and minimum. The central part of Iceland has more snow accumulation and the maximum there occurs later than in low lying areas near the coast. This is consistent with the phase lag between the coastal cGPS and the highland cGPS being caused by snow melting earlier in low lying areas than at higher elevations.
Atmospheric pressure
We used the ERA-Interim data set (Dee et al. 2011) measurements at three weather stations in Iceland: Reykjavík, Akureyri and Hveravellir (Tómas Jóhannesson, IMO, private communication, 2015- Fig. 1 ). We found that the two data set were in good agreement with each other. We then extracted the annual and semi-annual components of sea level pressure over Iceland using the same program as for GPS. We got a fairly homogeneous signal over Iceland with an average amplitude of about 16 hPa, a minimum in January and a maximum in June (Fig. 5) . The average standard deviation after trend estimation was about 13.5 hPa. This can be explained by the occurrence of rapid pressure variations up to 80 hPa on a weekly scale. The atmospheric pressure can be expressed in water equivalent as 1 hPa equals pressure from a 10 mm thick layer of water. Atmospheric load applies only on land and not on sea floor as the ocean surface height compensates automatically any atmospheric pressure change. However, the atmospheric pressure data originally come in square pixels of 0.75
• of latitude/longitude and is thus covering area of sea around Iceland. Thus, in order to improve further atmospheric loading calculation, the data were resampled in pixels of 0.2
• of longitude and 0.1 • of latitude. The load in pixels fully over sea areas was set to zero. This minimizes applied load over water (with pixels overlapping with the coast line), while allowing a reasonable computing performance. 
Ocean
The FES2004 ocean loading model used during the processing of the cGPS data does not include semi-annual or annual tide components. Therefore, there is a need to consider if such variations can have an influence on the derived time-series. For this, we did not use tide gauge measurements as such observations cannot be directly related to ocean load variations as temperature and salinity of the water have to be taken into account. In order to get an overview of a possible seasonal cycle in the ocean loading we used monthly GRACE satellite gravity solutions (Level-2 data, Release 5) by the Center for Space Research, University of Texas, from 2004 to 2014. We applied the anisotropic fan filter with averaging radius of 300 km to reduce short wavelength noise (Zhang et al. 2009) together with the decorrelation filter using polynomials of degree 3 for coefficients with orders 15 or higher to alleviate longitudinal stripes (Swenson & Wahr 2006) . No hydrological model was used. This approach is similar to the one use by Heki & Matsuo (2010) . We estimated the annual and semi-annual cycle of the gravity at two location near Iceland: one in the Arctic Ocean (70
• N, 10
• W) and another in the Atlantic ocean (62
• N, 20
• W). The standard deviation was about 1.3 µGal. The location in the Arctic ocean has a fairly important seasonal cycle of about 3 μGal with a minimum around March and a maximum in the fall (Fig. 6 ). For the area studied in the Atlantic, there was no clear seasonal cycle. We converted this gravity data into water thickness equivalent using equations given by Wahr et al. (1998) .
Hálslón reservoir
Lake-level measurements of the Hálslón reservoir at the Kárahnjúkar power plant 2006-2015 were provided by Landsvirkjun, the Icelandic National Power company. The seasonal cycle was estimated in the same way as for the other data sets. On average, the lake-level change is about 40 m per year with a standard deviation of about 6.4 m after trend estimation from eq. (1) (Fig. 6 ). The reservoir normally fills up from mid-May to the end of September and then drains during the rest of the year. 
M O D E L L I N G
Setup
For load variations occurring on a short timescale, we expect the upper part of the Earth to behave elastically. Considering the dimensions of Iceland (approximately 300 km by 200 km), we used elastic and isotropic spherical Earth models for modelling of ground displacements induced by surface loading. In order to calculate such displacements, these models are represented as a Green's functions table (as e.g. described by Farrrell (1972) and Guo et al. (2004) ).
The models have radially varying elastic properties. The following models and associated Green's tables were considered: the PREM, the Gutenberg-Bullen model, the G-B continental shield model and the 1066a model (see Table 1 and Fig. 7 ). For the PREM model, Guo et al. (2004) mixed the ocean layer and uppermost crustal layer in a single homogeneous layer with elastic moduli being equal to those of the original crustal layer. We used an inversion process to constrain the surface loading and check the quality of the employed models. We utilized a program that links displacements and loads through spherical Earth Green's functions as described above (Heki 2004) . For a given day, it finds the best-fitting load over a set of given areas by minimizing the seasonal GPS cycles residuals with least-squares adjustments. We derived seasonal cycle for the inferred loads through inversion of the GPS displacements sampled every 5 day of a year from day 1 to 361 (a total of 72 separate inversions for deriving a yearly cycle). All cGPS seasonal cycles were set relative to day 270 of the year for the inversion (September 26-27). It was chosen for reference because it is within the stable part of the seasonal cycle for most of the cGPS stations; about three months before main snow accumulation begins in January and after the melting of the previous winter snow.
Surface loads that were inverted for were defined as grids of square pixels, with each pixel given a load scale factor (the default value of 1 gives loads directly in centimetres of water equivalent). Here, we considered atmosphere, ocean, the Hálslón reservoir, glaciers and snow on non-glaciated areas (Fig . 8) . To explain the observed seasonal cycle, we tried several combination of loads in these areas. The resulting best-fitting model solves for loads in three areas: (i) glaciers, as one area with predefined load scale factor between glaciers, (ii) atmosphere and (iii) ocean. Effects of snow in non-glaciated areas are considered by removing its effect prior to the inversion.
Iceland as a whole was considered as the area of uniform atmospheric loading. Ocean was represented by a 200 km buffer area outside the coast of Iceland. Hálslón reservoir was represented by the area it covers when the lake level is at its maximum. Glaciers were divided into three distinct sets: (i) Vatnajökull, (ii) Mýrdalsjökull and Eyjafjallajökull and (iii) Langjökull and Hofsjökull ( Young's modulus [GPa]
Figure 7. Young's modulus of the upper part of four global Earth models (1066A, Gutenberg-Bullen, Gutenberg-Bullen continental shield and PREM) and two best-fitting models for Iceland from earlier studies (Grapenthin et al. 2006; Auriac et al. 2014 ).
Eyjafjallajökull were merged into a single area as we expected them to behave in a similar way. Langjökull and Hofsjökull area were also merged into a single area because of the unrealistic inversion results obtained when they were separate loads. In this merged area, the two glaciers were given a relative load scale factor (1 for Hofsjökull and 1.32 for Langjökull) proportional to the ratio between their expected relative mass balance given by Finnur Pálsson (private communication , 2015) and Grapenthin et al. (2006) . The three glaciers sets were also merged into one load and given a relative load scale factor to form additional sets for inversion. Giving Vatnajökull a load scale factor of 1, we used relative load scale factors of 1.126, 0.833 and 1.667 for Langjökull, Hofsjökull and Mýrdalsjökull respectively. Snow on non-glaciated area was initially defined by sets of uniform load areas which are defined by specific ranges of altitude or snow accumulation. In the second approach, it was defined by a unique area on which each pixel was given a load scale factor proportional to the a priori information on snow load at day 91 (April 1). This day corresponds to the minimum in vertical ground displacements derived from the forward modelling of the a priori snow information. We began by inverting for loads using both the vertical and the horizontal components of the cGPS seasonal cycles. At each station, each component was given a weight inversely proportional to the squared standard deviation obtained when extracting the annual and semi-annual components. Furthermore, we experimented with imposing an additional weight factor of vertical relative to horizontal components. After trying different values for such a weight factor, we found more realistic inversion results by using only the vertical component. That approach was used throughout. The horizontal components are more sensitive to the geometry of the load distribution than the vertical component, but the spatial distribution of the cGPS stations is not well suited; the highest number of stations is in the southwest and central part of Iceland, in the middle of most of the loads. There could also be an underestimation of size of the horizontal component displacements when using a spherical elastic Earth model (Chanard et al. 2014; Kristel Chanard, private communication, 2015) .
Original Earth models
The most simple load we tried inverting for was an uniform load over all of Iceland with thickness varying according to the time of year. As such, the inversion was setup to use whole Iceland as an area, and using the PREM Green's functions. Results (Fig. 9) show clear load increase during winter, with a maximum in May. Of the 72 inversions to infer a complete seasonal loading cycle (see above), the best-fitting model gives a maximum for the GPS up component Day of the year Figure 9 . Seasonal cycle for a uniform load over Iceland obtained from inverting the cGPS vertical seasonal cycles using the unscaled PREM model. Load is given in centimetres of water equivalent. Seasonal cycle is shown relative to January 1. Error bars show 1 − σ standard deviation.
weighted root mean squares (WRMS) of about 3.6 mm. It can be compared to the maximum of 9.5 mm for the up component WRMS in the data when no models are applied. The timing of the maximum and the shape of the inverted seasonal cycle is a clear indication that snow is the main seasonal load in Iceland. The geometry of this uniform load model is however quite unrealistic as we know that the distribution of snow fall in Iceland is not uniform over the whole country. A more detailed model is warranted. In a more advanced approach, we inverted for combinations of the specific load areas: glaciers, the Hálslón reservoir, ocean, atmosphere and snow on non-glaciated areas. Glacier annual mass balance and ocean bottom pressure, which both are expected to have a seasonal cycle, were kept free in all model inversions. On the other hand, a priori information on the atmospheric load, snow load in non-glaciated areas and the Hálslón load was included to some degree in the inversion. When used, the expected displacements from a combination of these loads were subtracted prior to inversion. With this combination, inversion of the cGPS seasonal cycles allowed us to get good estimation of the ocean and glacier loads while being able to check for the consistency of the other loads with their a priori information.
At first, we investigated for the difference between various Earth models (Table 1) . We used each of them for the inversion of the same set of loads and compared the results. Deformation induced by loads concentrated in a small area are expected to be governed by elastic properties at shallow depth (upper crust), while deformation induced by loads covering large areas are expected to be affected by deeper levels (lower part of the crust and the upper mantle). The Hálslón reservoir has a relatively small area and all the cGPS in the vicinity are next to the reservoir. Therefore, it probes best the upper crustal elastic parameters. The Hálslón seasonal load was very stable through all inversions with a minimum around mid-April and a maximum at the beginning of September. Its load estimate is fairly independent from the other estimated loads. Table 1 shows that the Gutenberg-Bullen model, the G-B continental shield model and the PREM model give similar inversion results in terms of rms and load value for Hálslón. The 1066A model results in a much smaller load value for Hálslón than the others. Comparison of the elastic moduli of the Earth models shows that the 1066A model has a Young modulus of about 37.5 GPa in the 11 topmost km of the crust (Fig. 7) , lower than the other Earth models. Below that the 1066A model switches to a high Young modulus of about 170 GPa. All the other models have higher Young's modulus near the surface (70-85 GPa) and then progressively change towards higher values with depth, reaching the value of 170 GPa at 25-40 km depth. Although the properties of the topmost layer of the 1066A model are really similar to the one used by Grapenthin et al. (2006) , it appears to be too soft to explain the Hálslón loading. When using the PREM model, the Hálslón seasonal cycle is very similar to the actual lake-level seasonal cycle. However, it is shifted by about 30 d earlier (Fig. 10) . The seasonal cycle at cGPS sites near the Hálslón reservoir has important contributions not only from the reservoir, but also from glacial and snow loads that actually dominate the signal. Thus, the temporal shift may relate to some loss of information caused by using a combination of sine and cosine functions to describe the stations deformation seasonal cycle. Another possibility could relate to variation in the ground water level in the surrounding areas but further studies of that are needed. When using any of the unscaled Earth models, glaciers, snow and atmosphere loads were overestimated (when compared to the a priori information available), implying that all of them were too rigid. All models have a similar Young's modulus below 40 km, a depth that will govern the influence of very extensive loads (Fig. 7) . The particular location of Iceland, a hotspot on the Mid-Atlantic Ridge (e.g. Sigmundsson 2006) , suggests that the upper mantle and crustal rigidity may be lower than the world average. The global models used in this study may therefore not be fully suited to describe the particular elastic moduli under Iceland. Here, we take the approach of scaling the inferred displacements from the original PREM Green's functions table to account for this difference in elastic moduli. This is a simple approximation for considering deviations from the PREM model for loads of limited size over Iceland. However, it implies a constant scaling of the elastic properties in the PREM model without possibilities to induce variations at specific depths.
Scaled PREM model
We started by running numerous inversions with various combinations of the loads using the original PREM model and compared the results. We found a scale factor of 2.3 ± 0.6 on values in the PREM Green's function table was necessary so that the glaciers load (Vatnajökull in particular) inferred from inversions was similar to available a priori information. A priori load information and selected inversions results are compared in Table 2 (see Appendix A for the loads seasonal cycles derived from selected inversions).
Because we only used the vertical component of the cGPS seasonal cycle in the inversion, ocean and atmosphere are strongly anticorrelated. The inverted atmosphere load seasonal cycle is similar to the seasonal cycle derived from the ERA-Interim data set. It has a minimum at the start of the year and a maximum three month later. Ocean inversion results show a load amplitude of 6 cm of water equivalent, with a trend similar to the GRACE data for the Arctic ocean. Even with such a small amplitude, ocean load has to be considered because it improves the atmospheric load results by minimizing its loading during fall.
The Hálslón seasonal cycle is similar to the previous results, except its amplitude was minimized because of the scale factor applied to the PREM.
When estimated independently, Mýrdalsjökull and Vatnajökull areas give fairly similar load seasonal cycles trough all inversions: loading from November until June and fast unloading the rest of the year. Vatnajökull had an amplitude of 170 ± 11 cm of SWE while Mýrdalsjökull had an amplitude of 172 ± 25 cm of SWE (m 3glaciers in Table 2 ). The Langjökull and Hofsjökull load was very sensitive to the other loads in the inversion process. Results show that this load has a similar trend as the Mýrdalsjökull and Vatnajökull loads. However, the load maximum happens earlier in the spring and the load amplitude is almost twice as large as the expected one. The location of these ice caps in the central part of Iceland and the absence of cGPS north of them could be an explanation. Because of this inconsistency in the load estimates when glaciers are independent, we consider the most appropriate approach to take all the ice (Fig. 11) *147 ± 10 *245 ± 17 *165 ± 11 *122 ± 8 r 23.4 ± 3.2 -6.3 ± 1.6 m rAtmo (Fig. A1) *152 ± 7 *253 ± 12 *171 ± 8 *127 ± 6 r r -1 1 ± 1 m Snow (Fig. A2) *156 ± 10 *260 ± 16 *176 ± 11 *130 ± 8 0.59± 0.06 b 11 ± 5.8 -6.2 ± 1.3 m Halslon (Fig. A3) *149 ± 10 *249 ± 17 *168 ± 11 *125 ± 8 r 23.5 ± 3.5 1764 ± 97 6.5 ± 1.6 m 2Glaciers (Fig. A4) 162 ± 11 *186 ± 26 *127 ± 18 *93 ± 13 r 23.6 ± 3.2 -6.3 ± 1.6 m 3Glaciers (Fig. A5) 170 ± 11 172 ± 25 *311 ± 57 *236 ± 43 r 24.1 ± 4.3 -4.4 ± 1. caps as one load, with preset relative load factors between the ice caps (as described above). Inversion for the snow load in non-glaciated areas gave best results when each pixel of the snow area was given a scale factor proportional to the a priori information on snow load at day 91. Attempts were also made to invert for snow load by dividing the area into subareas with a similar range of altitude or similar range of snow load in April. The altitude range from 1050 to 2000 m and the range from 700 to 1050 were the most relevant but inversion results were not satisfactory. An explanation may be that although the snow accumulation data show some correlation with altitude, there is important difference between the west and east of Iceland. The snow load ranges, considering the relative amount of snow in the areas at day 91, gave better results than the altitude ranges. However, both altitudes ranges and snowfall ranges show a larger load amplitude at medium altitude/snowfall ranges than high altitude/snowfall ranges. This could be caused by the limited number of cGPS at high altitude and in areas with heavy snow accumulation.
Best load results were obtained when inverting for three loads: (i) glaciers (as one load with predefined load scale factor between glaciers), (ii) atmosphere and (iii) ocean loads, with snow load in non-glaciated area removed beforehand and excluding sites near Hálslón (Fig. 11 , m Best in Table 2 ). This model gives a realistic glacier load seasonal cycle and reproduces well the a priori information on the seasonal cycle of the atmosphere load with the exception of a larger amplitude. Ocean load was considered because its removal would strongly affect the atmospheric load amplitude and seasonal cycle aspect. The maximum WRMS are found in spring when the displacements are at their maximum: 1.46, 1.61 and 1.93 mm for the east, north and up components, respectively. 
Load contribution to observed displacements
We estimated the contribution of each load considered in the m Best function was used. Prior to inversion, we removed the contribution of the snow on non-glaciated area based on its a priori information. Induced seasonal vertical displacements due to snow on non-glaciated areas are highest in the central part of north Iceland, with amplitudes up to 14 mm (Fig. 13 ). Amplitudes range from 5 to 10 mm near the glaciers as well as in the centre and in the NW of Iceland, but only 1-2 mm on the Reykjanes peninsula. Induced horizontal displacements are towards an area east of Hofsjökull with amplitudes of about 2 mm near the coast and close to zero in the central part of Iceland. Glaciers, atmosphere and ocean load seasonal cycle were derived from the inversion. Glacier loading induces vertical displacement of 22 mm at a site in the centre of the Vatnajökull ice cap. Amplitude of the vertical displacements then decreases with distance away from the ice caps, down to 1 mm in the Westfjords. Horizontal displacements are towards the centre of the Vatnajökull ice cap, with exception of sites really close to some of the other ice caps. Displacements range from less than 1 mm in the Westfjords and the Reykjanes peninsula, up to more than 3 mm at the sites near the edge of the Vatnajökull ice cap. Atmospheric loading induces vertical displacements with amplitudes of 7-8 mm inland and 3-4 mm near the coast line. Horizontal displacements are towards the east side of Hofsjökull from where their amplitudes start increasing gradually with the distance away from it, up to 2 mm for sites near the coastline. The ocean contribution is fairly homogeneous over Iceland with vertical displacements of a 3 mm near the coast and 2 mm inland. This is about an order of magnitude smaller than the contribution of the snow load and an order of magnitude smaller than the seasonal cGPS vertical cycle. The horizontal displacements are insignificant. The atmosphere load seasonal cycle derived from inversion reproduces very well the one derived from a priori information but it has a larger amplitude. The seasonal cycle derived from a priori information would generate a similar pattern of deformation but with reduced amplitude: 1-2 to 3-4 mm in the vertical and less than a millimetre in the horizontal.
The Hálslón load was not considered in the previous inversion as we excluded the nearby cGPS sites. However, it still generates local but important deformation on its surrounding areas. Inversion with the non-modified PREM Green's function table gives a reservoir seasonal cycle fairly similar to what the a priori data are showing (Table 1 ). Using this model, the nearby cGPS move up to more than 20 mm in the vertical and 5 mm in the horizontal, depending on their distance to the reservoir.
D I S C U S S I O N
The data presented here and our modelling show that snow loading on glaciers (glacier mass balance) as well as non-glaciated areas are the main contributor to the seasonal deformation in Iceland.
We present an improved model of the effect of snow loading when compared to the work of Grapenthin et al. (2006) , who only considered glacier mass balance. There is no sign of non-elastic ground response to seasonal loading. Snow loading in areas outside glaciers has a major influence on ground deformation seasonal cycle in other places than Iceland. The effect has, for example, been well documented in Japan (Heki 2004) and Alaska (Fu et al. 2012) . The timing of the snow loading is different in these areas: maximum in March in Japan, April in Alaska and in May in Iceland. The minimum in the vertical seasonal cycle in these areas occurs at a very similar time as the snow load maximum in its surroundings. Similarly, stations close to glaciers are continuously showing signs of loading or unloading while stations further away show it mostly for the local snow time period (Fig. 2) . Deviation from this pattern in the timing of the minimum is observed at a number of cGPS stations (Fig. 3) . Sites near Hálslón are strongly influenced by the reservoir loading which has the opposite phase to the snow loading. The ISAF station in the Westfjords area in the NW-Iceland has the earliest minimum of all stations. It can be explained by the fact that this station is the furthest away from the main ice caps, Vatnajökull in particular, making their loading influence small compared to the Westfjords snow influence. The GMEY station, located on the Grímsey island in the Arctic Ocean, has its minimum as late as the station in the middle of Vatnajökull, which is the most affected by glacier loading. Local ocean loading may be an explanation for this late minimum.
Deviations from the estimated seasonal cycle are observed in each data set. These deviations can last from a few weeks to more than a year. Starting in mid-2007 and stopping around fall 2008, there is an important downward deviation seen on most cGPS, especially in SW-Iceland (Fig. 14) . that this unusual precipitation pattern did induce extra loading by snow and/or ground water and caused more ground subsidence than usual. The unloading occurred at the same time as the usual snow melt. This reinforces our idea that this deviation was the effect of unusually high snow accumulation. Another important period of (downward) vertical deviation occurs from the beginning of 2009 until the end 2010. It is clearly visible on stations in the central part of Iceland (Fig. 15) , and can even be detected on most of cGPS stations. The signal, and inferred additional loading, happens mainly during the second quarter of 2009 and the unloading starts at the beginning of 2010 and lasts until the end of the same year. The observed average displacement from the unloading almost reaches a centimetre and is twice as large as the average loading displacement. As reported by the Icelandic Meteorological Office (2015), the second quarter of 2009 was particularly wet. We think that this weather led to extra snowfall on the ice caps, inducing extra loading. The IMO says that 2010 was one of the warmest and driest year on record and the snowfall was unusually light. The snow load data from IMO show also low accumulation in winter 2009-2010. This could be related to the winter 2009-2010 record-breaking Arctic oscillation which led to unusual weather conditions in the Arctic region (Matsuo & Heki 2012) . At the same time, glacier mass balance measurements show a very high mass loss in 2010 with melting enhanced by volcanic ash from the 2010 Eyjafjallajökull eruption (Björnsson et al. 2013) . This indicates that the unloading was caused by a lack of snow during winter in addition to an unusually high mass loss from the glaciers. Some other deviations from the seasonal GPS cycle seem to be related to atmospheric pressure deviation.
In order to validate the approximation of describing load seasonal variation by a combination of two sine and two cosine functions, we compared the inversion results after the removal of the snow load effect estimated in two different ways. In the first one, we used the snow load values given by the sine and cosine functions to calculate the induced displacements and remove them before running the inversion. In the second case, the snow load values were given by a 5-day average over the course of one year. Inversion results showed very little differences in both the trend and amplitude of the loads. This indicates that there was no issue with describing the snow load seasonal variation with sine and cosine functions. This approximation can, however, be bypassed when inverting directly for the observed time-series instead of an averaged year (e.g. Compton et al. 2015b) .
Inversion statistics show a strong anticorrelation between the ocean load and the atmosphere load. This is a consequence of using only the vertical GPS component in the inversion of such large uniform loads. The ocean seasonal cycle derived from the inversion has a trend similar to the seasonal gravity anomaly in the Arctic Ocean. Using the horizontal component of the deformation in the inversion would help to discriminate the atmosphere and ocean loads. We could also get additional information about the ocean load distribution around Iceland and compare it with the non-uniform load distribution shown by the GRACE data.
A summary of the inversion setups and results is shown in Table 2 . Model m rAtmo shows that removing the estimated atmospheric load displacements before inversion influences the ocean load estimation but has very little influence on the glaciers load estimation. Estimating the snow load instead of removing its effect derived from a priori information before inversion influences mainly the atmospheric load estimation (model m Snow ). Excluding the cGPS sites near the Hálslón water reservoir does not change the inversion results for the other loads (model m Halslon ). Glacier inversion results are very sensitive to inverting for independent sets of glaciers instead of a unique scaled one. In model m 2Glaciers , the Vatnajökull load remains close its a priori information while the Mýrdalsjökull, Langjökull and Hofsjökull loads are underestimated. This could be an indication that the crust and mantle are more rigid under Mýrdalsjökull, Langjökull and Hofsjökull than under Vatnajökull. However, model m 3Glaciers shows us that when Vatnajökull and Mýrdalsjökull are separate they have similar load estimate (overestimation for Vatnajökull and underestimation for Mýrdalsjökull) while Langjökull and Hofsjökull are overestimated by a factor of two.
The temporal pattern of the inferred glacier load seasonal cycle has the expected trend: fast unloading in summer and gradual snow loading through the winter and the spring. However, all the glacier loads are overestimated without applying a scale factor of 2.3 to the PREM Green's function table. This in an indication that the upper rigidity of the model is too high compared to the actual values beneath Iceland. The ratio between the inverted and expected load amplitude is different between ice caps when they are estimated independently. This could be caused by lateral variation of Earth elastic properties or an issue with the distribution of the cGPS stations around the ice caps. The latter issue is most likely an important factor in the overestimation of the Langjökull and Hofsjökull load. Moreover, the sensitivity of this load to the snow load and atmospheric load reflects that its central location in Iceland is influencing the inversion process.
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According to the inversion results, the PREM fails to describe properly the Icelandic crust and upper-mantle elastic properties. The top part, constrained by smaller loads like Hálslón, shows elastic properties close to the Icelandic ones but slightly too soft. The deeper part of the model, constrained by the glacier load, shows that the model is too rigid: a 2.3 ± 0.6 scale factor needs to be applied to the PREM Green's function. This indicates a lower rigidity under Iceland than elsewhere which can be explained by the tectonic setting of Iceland: a hotspot on an active mid-oceanic ridge. This generates anomalously high temperatures in the mantle, which are then likely to lower its rigidity (Jackson et al. 2007) . Increased mantle melting caused by the mantle plume (Ito et al. 1999) could also contribute to lower the overall rigidity under Iceland. Lower elastic moduli than the world average is not restricted to hotspots can also be found in some other tectonic settings (e.g. Ito & Simons 2011) . A lateral variation of the elastic moduli is also to be expected in Iceland (Wolfe et al. 1997; Bjarnason & Schmeling 2009) , and could be considered in further modelling. The approach taken here to scale the PREM Green's functions is simple and implies constant scaling of elastic properties at depths sensitive to the loading. A more correct approach would be to recompute the Green's functions for a revised Earth model considering not only constant scaling of elastic properties, but also variable scaling for specific depth intervals. Such a study was beyond the scope of our work but is worth further investigation. The revised Earth model would make it viable to invert directly from the time-series instead of their inferred seasonal cycle terms. The current deviation of the cGPS seasonal cycle could then be directly explained during the inversion process. Considering the use of the horizontal component of the seasonal cycles would also help the discrimination of loads influence, especially the atmospheric and oceanic ones.
C O N C L U S I O N S
Time-series of position of 71 cGPS stations in Iceland include an annual and semi-annual cycle, ranging in amplitude in the vertical from 4 mm near the coastline up to 27 mm at the centre of the Vatnajökull ice cap, and up to 6 mm in the horizontal. The cycle is well explained as an Earth response to loads considering a combination of the annual mass balance of glaciers, snow load on non-glaciated areas, Hálslón lake reservoir changes, response to on-land seasonal variation in pressure and oceanic loading. Using a layered isotropic spherical Earth model and inverting the cGPS vertical seasonal cycle in terms of the load components, a priori information on load seasonal cycles (snow, atmosphere and Hálslón) can be reproduced and an estimate of the seasonal cycle of other loads (glaciers and ocean) can be derived. Displacements induced by variations in the smallest load, Hálslón, are well fit using the PREM Earth model. For wider loads, best results are obtained when using the PREM scaled by a factor of 2.3, consistent with the low effective rigidity at depth under Iceland. Using this scale factor and removing the effects of snow loading in non-glaciated areas, and excluding stations close to Hálslón, allows a realistic inversion for glaciers, atmospheric and ocean loads. It shows that seasonal glacier mass balance and snow on non-glaciated areas contributes the most to the seasonal deformation, over 10 mm in many locations in Iceland, but also that the rest of the deformations can be explained by a combination of atmosphere, ocean and reservoir loads. Interannual deviations in the observed ground displacements are correlated with unusual temperature, precipitation and atmospheric pressure. A revised Earth model, with more realistic variation in elastic moduli, is needed to further improve the quality of the inversion results. This model, combined with more extended GPS observations, could make it possible to derive daily estimates of the various loads considered here (glaciers, snow, atmosphere, ocean and Hálslón).
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